To clarify the mechanisms underlying the development of displaced abomasum (DA), we repositioned DA in 12 cows by rolling and observed the course of redisplacement using X-ray fluoroscopy. Displacement of the abomasum was observed to follow three patterns: displacement to the left side of the abdominal cavity through the gap formed at the reticulum, atrium of the rumen and ventral sac of the rumen (n=7); displacement to the left side after cranial movement along the diaphragm (n=3); displacement to the right side after cranial movement along the diaphragm (n=2). These differences were considered to be associated with the rumen volume. To the best of our knowledge, this is the first study reporting the visual observation of the course of DA in dairy cows.
Displaced abomasum (DA) is a gastrointestinal disorder caused by a combination of factors [6] and has never been reproduced experimentally. DA occurs only in cows with abomasal atony and an excessive accumulation of abomasum gas [11, 14] . Abomasal atony is believed to be associated with aging or vagal nerve injury [18] . However, the mechanisms of displacement and gas accumulation in the abomasum remain unclear. Abomasum gas can be observed using X-ray fluoroscopy [17] ; however, because the accurate prediction of the onset of DA is impossible, the precise timing of abomasum displacement cannot be determined. Rolling is a method whereby a cow's position is changed from lateral to supine while pressing the abdomen with force for the repositioning of DA [1, 8] . This method is effective in discharging the accumulated gas in the abomasum to the forestomach or the succeeding intestinal tract. However, recurrence is common if abomasal atony is not improved and the abomasum is not surgically fixed to the abdominal wall [1, 8] . Although rolling is rarely used clinically because of the high recurrence rate, it can be used in recurrence experiments. Therefore, for morphological examination of displacement and gas accumulation in the abomasum, we performed rolling on dairy cows with DA and observed the pattern of relapse using X-ray fluoroscopy.
Holstein milking cows reported to have a decreased appetite or milk yield according to their farmers and those diagnosed with DA on the basis of auscultation of a ping sound by veterinarians were evaluated. From these, 12 [left DA (LDA): 9, right DA (RDA): 3] cows with recurrent DA, despite repositioning through rolling were included in this study (Table 1) . Rolling was performed as follows. Cows with LDA were placed in right lateral recumbency, whereas those with RDA were placed in left lateral recumbency. The cow's body was rotated into a supine position and the abdomen was pressed to remove the abomasum gas. Disappearance of the ping sound was confirmed by auscultation. The abomasum in all cows remained unfixed. During the rolling of cows with RDA, care was taken to prevent the occurrence of abomasal volvulus, with advance preparations for surgery in case it occurred. After rolling, the abomasum was observed in the normal position using X-ray fluoroscopy. Subsequently, cows were maintained in a standing position in the restraining stall. The right paramedian of the caudal third from the xiphoid process to the umbilicus was punctured using a trocar after subcutaneous administration of 10 ml of 2% procaine hydrochloride (Procaine Hydrochloride Injection KS, Kyoritsu Seiyaku Corp., Tsukuba, Japan) around the puncture site. To ensure accurate injection of the contrast agent (barium sulfate) into the abomasum, the liquid material adhering to the tip of the inner needle was applied to a test paper with a pH of 3.2-5.6 (phenol blue test paper, Advantech, Tokyo, Japan), and the puncture site was confirmed to be the abomasum (pH<3.0). In order to confirm the position and form of the abomasum more easily, 1,200 ml of barium sulfate (100% w/v; Baritop100, Kaigen Pharma, Tokyo, Japan) was injected into the abomasum. Fluoroscopic images of dynamic changes in the abomasum were obtained every 3 hr before and every 1 hr after a change in the form of the abomasum using an X-ray inspection apparatus (MG325 320 kV, Royal Philips, Amsterdam, The Netherlands) and X-ray image intensifier (IT-12HTL, Hitachi Medical Corp,, Tokyo, Japan). On the X-ray fluoroscopic images, positions close to the image intensifier appear unmagnified and clear, whereas positions far from the image intensifier appear magnified and blurred. The location of the abomasum on the left or right side of the abdominal cavity was judged from the magnification ratio of the fluoroscopic image according to the distance from the image intensifier. All experiments were approved by the ethics committee of Hokkaido Research Organization Animal Research Center.
The cows presented with DA recurrence within 24 hr after rolling. Immediately after repositioning the inflow of air bubbles from the forestomach to the abomasum in conjunction with reticular contraction was observed in some cows, and stepwise gas accumulation in the abomasum body was observed in all 12 cows.
These findings were considered to indicate that the gas in DA was generated by rumen fermentation and inflow from the forestomach, rather than being produced in the abomasum. This was consistent with the findings in studies indicating the absence of differences in H 2 and CH 4 concentrations between abomasum gas and rumen gas in cows with DA [9] and the absence of gas generation on abomasum fluid culture [13] . Cows with DA exhibit reduced feed intake before its onset [16] , along with a decreased rumen volume. Therefore, during reticular motility, gas in the forestomach probably flows easily into the abomasum. In addition, because these cows have abomasal atony [11] , gas accumulates easily in the abomasum body. This gas accumulation is likely to cause floating of the abomasum. Consequently, the forestomach gas can flow more easily into the abomasum, from where it cannot escape. In this way, abomasum gas was considered to increase and accumulate rapidly.
Three different patterns of displacement were observed in the present study ( Table 1 ). The first pattern (Pattern A) was observed in seven of the 10 cows (cases 1-7) that finally developed LDA. The second pattern (Pattern B) was observed in the remaining three cows (cases 8-10). The third pattern (Pattern C) was observed in two cows (cases 11 and 12) that finally developed RDA. The seven cows displaying Pattern A exhibited the following findings. Gas appeared in the abomasum body ( Fig. 1-1) . Gas in the abomasum body further increased and the abomasum moved dorsally ( Fig. 1-2) . The flow of gas toward the pyloric region as well as the abomasum body caused displacement of the abomasum through the gap formed at the reticulum, atrium of the rumen and ventral sac of the rumen to the left side of the abdominal wall ( Fig. 1-3) . LDA developed when the abomasum reached the left dorsal side of the abdominal cavity ( Fig. 1-4) . The development of LDA was also supported by auscultation of the ping sound over the left ribs. The three cows displaying Pattern B exhibited the following findings. Gas appeared in the abomasum body ( Fig. 2-1) . Gas in the abomasum body further increased and the abomasum moved cranially (Fig. 2-2) . The flow of gas toward the pyloric region as well as the abomasum body caused displacement of the abomasum to the cranial dorsal side along the diaphragm (Fig. 2-3) . The abomasum moved to the left side of the abdominal wall, and LDA developed when it reached the dorsal side ( Fig. 2-4) . The development of LDA was also supported by auscultation of the ping sound over the left ribs. The two cows displaying Pattern C exhibited the following findings. Gas appeared in the abomasum body (Fig. 3-1) . Gas in the abomasum body further increased and the abomasum moved cranially (Fig. 3-2) . The flow of gas toward the pyloric region as well as the abomasum body caused displacement of the abomasum to move to the cranial dorsal side along the diaphragm (Fig. 3-3) . RDA developed when the abomasum reached the right dorsal side of the abdominal cavity (Fig. 3-4) . The development of RDA was also supported LDA: left displaced abomasum, RDA: right displaced abomasum. A: developed LDA by movement of the abomasum through the gap formed at the reticulum, atrium of the rumen, and ventral sac of the rumen to the left side of the abdominal wall. B: developed LDA after the abomasum had moved to the cranial side along the diaphragm, C: developed RDA after the abomasum had moved to the cranial side along the diaphragm.
doi: 10.1292/jvms.16-0611 by auscultation of the ping sound over the right ribs. The abomasum in the two cows (cases 11 and 12) with RDA had displaced in a cranial dorsal direction along the diaphragm. On the other hand, in seven cows (cases 1-7; Pattern A) with LDA it had displaced to the left side of the abdominal wall through the gap formed at the reticulum, atrium of the rumen and ventral sac of the rumen. This gap probably resulted from a decrease in the rumen volume due to decreased feed intake. This suggests that cows with DA present with insufficient feed intake before the onset of the condition. Three cows (cases 8-10; Pattern B) developed LDA after the abomasum had moved to the cranial side along the diaphragm. We were unable to observe the time point at which the abomasum moved to the left of the abdominal wall. However, we propose that the movement occurred when the cows were repeatedly recumbent or standing between X-ray fluoroscopy measurements, considering the abomasum of these cows was easily moved within the abdominal cavity. One cow (case 10) that presented with RDA in the field developed LDA after the abomasum moved cranially along the diaphragm. This is believed to have occurred because of insufficient feed intake even after rolling, which facilitated movement of the abomasum within the abdominal cavity.
In previous studies, the form of the abomasum in cases of DA was based on frozen autopsy findings [12] , radiographic images [7, 17] , ultrasonography [2, 3] and laparoscopy [15] . In addition, it was reported that DA occurred in cows with insufficient feed intake and a decreased rumen volume [16] . Furthermore, the gap (groove) of the rumen has been found to act as a pathway for the abomasum in DA [10] . An interesting report described an anterior displaced abomasum, wherein the abomasum displaced between the diaphragm and reticulum [19, 20] . The findings for the recurrence cases in the present study were consistent with the findings in these previous reports, both anatomically and clinically. Schematic diagrams [5, 8] and computer graphic videos [4] have also conjectured the course of DA on the basis of previous morphological and anatomical findings. The course of LDA shown in these reports is highly consistent with that observed in the present study. The displacement observed in this study was actually a recurrence following rolling; however, it is possible that the mechanism is the same as that for spontaneous DA.
To the best of our knowledge, this is the first study reporting the visual observation of the course of DA in dairy cows. Fig. 3 . Representative X-ray fluoroscopic image for a cow (case 12) with right displaced abomasum (RDA; Pattern C). 1. Gas appears in the abomasum body. 2. Gas in the abomasum body further increases and the abomasum moves cranially. 3. The flow of gas toward the pyloric region as well as the abomasum body causes displacement of the abomasum to the cranial dorsal side along the diaphragm. 4. RDA develops when the abomasum reaches the right dorsal side of the abdominal cavity.
